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Correspondence and requests for materials should be addressed to T.H. Tumour necrosis factor-a (TNF-a) is a proinflammatory mediator that exerts its biological functions by binding two TNF receptors (TNF-RI and TNF-RII), which initiate biological responses by interacting with adaptor and signalling proteins. Among the signalling components that associate with TNF receptors are members of the TNF-R-associated factor (TRAF) family 1, 2 . TRAF2 is required for TNF-a-mediated activation of c-Jun N-terminal kinase (JNK), contributes to activation of NF-kB, and mediates anti-apoptotic signals 3, 4 . TNF-RI and TNF-RII signalling complexes also contain the anti-apoptotic ('inhibitor of apoptosis') molecules c-IAP1 and c-IAP2 (refs 5, 6) , which also have RING domain-dependent ubiquitin protein ligase (E3) activity 7 . The function of IAPs in TNF-R signalling is unknown. Here we show that binding of TNF-a to TNF-RII induces ubiquitination and proteasomal degradation of TRAF2.
Although c-IAP1 bound TRAF2 and TRAF1 in vitro, it ubiquitinated only TRAF2. Expression of wild-type c-IAP1, but not an E3-defective mutant, resulted in TRAF2 ubiquitination and degradation. Moreover, E3-defective c-IAP1 prevented TNF-ainduced TRAF2 degradation and inhibited apoptosis. These findings identify a physiologic role for c-IAP1 and define a mechanism by which TNF-RII-regulated ubiquitin protein ligase activity can potentiate TNF-induced apoptosis.
TNF-a induces apoptosis mainly through TNF-RI, which contains an intracellular death domain that recruits death effector adaptor molecules like TRADD and FADD, with the subsequent activation of a caspase cascade 8 . Given that TNF-RII does not contain a death domain and that NF-kB and the IAPs have antiapoptotic activity 9 -12 , it is paradoxical that signalling via TNF-RII potentiates the pro-apoptotic effects of concomitant TNF-RI signals 13, 14 . Signalling through TNF-RII results in decreased TRAF2 recovery in Triton X-100 detergent lysates. It was initially suggested that this is due to calpain-like protease activity 15 , although in a subsequent study inhibition of calpain activity did not prevent the loss of TRAF2 (ref. 16 ). More recently it was shown that signalling ) for the indicated times. Expression of TRAF2 was detected by immunoblotting (IB). b, 4E3 cells were pretreated with MG-132 (40 mM) for 30 min and stimulated with TNF-a (50 ng ml 21 ) for the indicated times, at which the cells were lysed, immunoprecipitated (IP) with anti-TRAF2, and immunoblotted with anti-ubiquitin (Ub). c, Jurkat and 4E3 cells were pretreated with MG-132 and stimulated with TNF-a as in b. After 2 h the cells were lysed and immunoprecipitation was performed with anti-TRAF2 or and-HA (specificity control). The immunoprecipitated material was eluted from the beads by heating in the presence of 0.5% SDS, and re-immunoprecipitated (re-IP) with the same antibodies. After separation by SDS -PAGE and transfer, the membranes were blotted with anti-ubiquitin (top) or anti-TRAF-2 (bottom). IgH indicates immunoglobulin heavy chain. d, Jurkat and 4E3 cells were stimulated with TNF-a for the indicated times. Cell lysates were subjected to immunoprecipitation with anti-JNK antibody. Half of the immunoprecipitated material was used for a kinase assay (upper panel) and half was used for immunoblotting with anti-JNK (lower panels).
letters to nature through the intracellular domain of some TNF-R family members causes redistribution of TRAF2 to a Triton X-100-insoluble compartment 17 . To explore the mechanism of TRAF2 protein downregulation, Jurkat T cells (which bear TNF-RI but very little TNF-RII) and 4E3 cells (Jurkat T cells stably transfected with TNF-RII) were stimulated with TNF-a, and at different times the cells were lysed in RIPA buffer, which leaves relatively little insoluble material (Fig. 1a) . Stimulation of the parent Jurkat cell line had no effect on TRAF2 levels. However, as previously reported after solubulization with Triton X-100 (ref. 16 ), TNF-a stimulation of 4E3 cells resulted in the progressive loss of TRAF2. No TRAF2 was found in the small amount of RIPA-insoluble material from 4E3 cells, excluding protein partitioning as a cause for the decreased recovery (data not shown). To test the possibility that TRAF2 was being degraded in proteasomes, Jurkat and 4E3 cells were stimulated with TNF-a in the presence of the proteasome inhibitor lactacystin. In this case, no decrease in TRAF2 was observed. The TNF-a-induced decrease in TRAF2 was not prevented by ZVAD (a broad-spectrum caspase inhibitor that prevents apoptosis) or the calpain inhibitor E64d (data not shown). Because proteins are targeted for proteasomemediated degradation by modification with polyubiquitin chains, 4E3 cells were stimulated with TNF-a in the presence of the proteasome inhibitor MG-132, to allow the accumulation of ubiquitinated species. Within 30 min TNF-a induced a large increase in the amount of polyubiquitinated material immunoprecipitated with anti-TRAF2, with the levels falling 4 -6 h after stimulation (Fig. 1b) . To address the possibility that the ubiquitinated material might represent proteins co-precipitated with TRAF2 rather than TRAF2 itself, a reprecipitation experiment was performed (Fig. 1c) . Jurkat and 4E3 cells were stimulated with TNF-a and after 2 h the S-labelled TRAF1 or TRAF2 was incubated with beads coated with the indicated GST-IAP fusion proteins and in vitro ubiquitination was performed. Ubiquitination of TRAF2 was used as a positive control. One representative experiment of three is shown. c, The RING domain of TRAF2 is dispensable for its ubiquitination by c-IAP1. TRAF2 and DTRAF2, which lacks the N-terminal RING domain, were subjected to an in vitro ubiquitination assay as above. One representative experiment of three is shown. lysates were immunoprecipitated with anti-TRAF2 or anti-haemagglutinin (HA) (nonspecific control) antibodies. The immunoprecipitated material was eluted from the beads, the eluate reimmunoprecipitated with the same antibodies, and the material was then resolved by SDS -polyacrylamide gel electrophoresis (PAGE) and immunoblotting with anti-ubiquitin antibodies. The TRAF2 isolated from TNF-a-stimulated 4E3 cells, but not Jurkat cells, had high relative-molecular mass (M r ) polyubiquitinated species, demonstrating that TRAF2 itself is ubiquitinated in response to TNF-a signalling. TRAF2 is required for TNF-ainduced JNK activation, leading us to ask whether the loss of TRAF2 in 4E3 cells results in premature termination of JNK activity (Fig. 1d) . In both Jurkat and 4E3 cells JNK activity was increased within 5 min, reaching maximum levels at 15 min. In Jurkat cells, however, activity was sustained for up to 90 min, whereas in 4E3 cells it was reduced to near baseline by 30 min. Because stimulation with a TNF-RII agonist, but not with a TNF-RI agonist antibody, caused a decrease in TRAF2 recovery in 4E3 cells 16 , and because we observed no TNF-a-induced increase in TRAF2 ubiquitination or decrease in TRAF2 levels in the TRF-RII-deficient parental Jurkat cells, it is likely that induction of degradation is initiated largely if not entirely by TNF-RII occupancy.
IAPs are members of TNF-RII signalling complexes 1, 6 and have E3 activity 7, 18 , leading us to ask whether TRAF2 might be an IAP substrate. Beads coated with glutathione S-transferase (GST) -IAP fusion proteins were incubated with in vitro-translated and metabolically labelled TRAF2, and after washing were subjected to an in vitro ubiquitination assay (Fig. 2a) . As expected, TRAF2 was not pulled down by GST-XIAP but was pulled down by GST -cIAP1 and GST-c-IAP2. Furthermore, in the presence but not the absence of an E2, c-IAP1 induced TRAF2 ubiquitination, as indicated by a decrease in the amount of the unmodified M r 56,000 protein and the appearance of higher-M r material. A c-IAP1 RING point mutant that has no E3 activity 7 bound TRAF2 but did not cause its ubiquitination. Although GST-c-IAP2 causes its own ubiquitination as potently as GST-c-IAP1 (data not shown) and binds TRAF2 (Fig. 2a) , it caused little if any ubiquitination of TRAF2. GST -c-IAP1 and GST-c-IAP2 also bound in vitro-translated TRAF1, but unlike TRAF2 this molecule was not ubiquitinated by either IAP (Fig. 2b) . TRAF2 itself has a RING domain, whereas TRAF1 does not 19 . To test the possibility that a RING -RING interaction might be required for TRAF2 ubiquitination by c-IAP1, a TRAF2 truncation mutant lacking amino acids 1 -86 (DTRAF2) 20 , and thus the RING domain, was tested as an IAP substrate. DTRAF2 behaved identically to wild-type TRAF2, failing to bind GST-XIAP but binding GST-c-IAP1 and GST-c-IAP2, and being ubiquitinated in an E2-and c-IAP1 RING-dependent manner (Fig. 2c) . Therefore, the RING of TRAF2 is not required for its ubiquitination by c-IAP1.
To determine if c-IAP1 can ubiquitinate TRAF2 in cells, 293 cells (see Methods) (which express little endogenous TRAF2, data not shown) were co-transfected with a complementary DNA expression vector encoding HA-tagged TRAF2 and expression vectors encoding Myc-tagged c-IAP1 or the E3-inactive Myc-tagged c-IAP1 RING point mutant. TRAF2 immunoprecipitated from cells cotransfected with c-IAP1 was polyubiquitinated, but TRAF2 expressed alone or with E3-inactive c-IAP1 was not (Fig. 3a) . The transfected HA-TRAF2 levels were similar amongst the groups, presumably because the amount of antibody used to immunoprecipitate was limiting. Ubiquitination of c-IAP1-associated TRAF2 was also evidenced by the appearance of a ladder of mono-and multiubiquitinated TRAF2 species (Fig. 3b, lane 3) . Notably, TRAF2 associated with the E3-inactive c-IAP1 mutant was not ubiquitinated (lane 2). To determine whether TRAF2 levels were affected by c-IAP1, immunoblotting of cell lysates was performed. Corresponding with the appearance of ubiquitinated species, the level of TRAF2 protein decreased in cells cotransfected with wild-type c-IAP1 but not the E3-defective c-IAP1 (Fig. 3c) . Expression of TRAF2 alone induces JNK activity 21 , and JNK activity was indeed markedly increased in TRAF2-expressing 293 cells (Fig. 3d) ; co-expression of c-IAP1 resulted in a dose-dependent decrease in TRAF2-dependent JNK specific activity. Expression of the E3-defective c-IAP1 reduced neither TRAF2 levels nor JNK activity (Fig. 3e) . Whereas expression of TRAF2 alone in 293 cells was not affected by lactacystin, the marked reduction in its levels caused by c-IAP1 was prevented by this proteasome inhibitor (Fig. 3f) . Together, these data indicate that overexpressed c-IAP1 causes proteasome-mediated degradation of TRAF2.
To address the functional importance of c-IAP1-mediated TRAF2 ubiquitination in TNF-a signalling, attempts were made to use E3-defective c-IAP1 as a dominant negative. 4E3 cells were transfected with HA-TRAF2 with or without E3-defective c-IAP1 and treated with TNF-a. Notably, the TNF-a-induced degradation of TRAF2 was prevented by co-expression of the c-IAP1 RING mutant (Fig. 4a) . The E3-inactive c-IAP1 mutant also rescued TRAF2 protein expression in 293 cells and HeLa cells transfected with TNF-RII and treated with TNF-a (data not shown). TRAF2 protects cells from TNF-a-induced death 22, 23 , and thus the prevention of TRAF2 degradation by the E3-defective c-IAP1 might be expected to have a similar effect. Whereas TNF-a did not induce the death of Jurkat cells (ref. 16 and our unpublished observations), TNF-a did kill 4E3 cells (Fig. 4b) . Although in some instances c-IAP1 has anti-apoptotic activity by virtue of its BIR-containing amino-terminal region, it did not protect 4E3 cells from TNF-ainduced apoptosis. In fact, overexpression of c-IAP1 had a small but reproducible enhancing effect on TNF cytoxocity, especially at early time points. The E3-inactive c-IAP1 mutant, on the other hand, substantially inhibited TNF-a-induced apoptosis up to 8 h. The amount of cell death converged after this time, being similar among the groups by 12 -16 h (data not shown). The levels of transfected c-IAP1 and c-IAP1-mut (RING mutant) in the 4E3 cells were similar and, unlike TRAF2, treatment with TNF-a did not cause an appreciable change in c-IAP1 or c-IAP1-mut levels (Fig. 4c) . Thus, E3-inactive c-IAP1 appears to act in a dominant-negative fashion to prevent TNF-RII-mediated and TNF-a-induced downregulation of TRAF2 and delay cell death. In preliminary studies we have found that unlike c-IAP1, c-IAP2 inhibits TNF-a-induced apoptosis of 4E3 cells (see Supplementary Information), consistent with its failure to ubiquitinate TRAF2 in vitro. That the enhancement of TNF-induced death by c-IAP1 was small presumably indicates that the level of endogenous c-IAP1 in 4E3 cells is not limiting for TRAF2 ubiquitination and degradation (see Fig. 1 ).
TRAFs are critical mediators of the cell activation and antiapoptotic functions of the TNF-R superfamily. In particular, TRAF2 is important in protection from apoptosis, as is clear from the observation that cells from TRAF2-deficient mice are overly sensitive to TNF-a-induced apoptosis 4 . Although TNF-RII couples to the pro-survival TRAF2/NF-kB signalling pathway, cells from mice deficient in TRNF-II are actually less sensitive to TNF-ainduced apoptosis 24 . Furthermore, TNF-RII is required for TNF-ainduced apoptosis of normal T cells 13, 14 , and the binding of TRAF2 to TNF-RII is required for the potentiation of TNF-RI killing 22, 23 . The data in the present study support a mechanism in which TNF-RII occupancy causes the ubiquitination of TRAF2 by c-IAP1 (Fig. 5) . It is also possible that there are other as yet unidentified anti-apoptotic c-IAP1 substrates. We note that RING-less c-IAP1 was effective, while the full-length molecule was not, in preventing apoptosis induced by Sindbis virus, and that a carboxy-terminal (RING-containing) fragment of c-IAP1 actually induced apoptosis when expressed in cell lines 25 . In addition, other non-death-domain members of the TNF-R superfamily, such as CD30 and CD40, may share the ability to cause TRAF2 degradation, and in the latter case this has been reported to be proteasome-dependent 26, 27 . Finally, mice lacking TNF-RII have enhanced TNF-RI-dependent inflammatory responses 28 , consistent with a role for TNF-RII in decreasing TRAF2 levels. The results in this report indicate that the ubiquitin protein ligase c-IAP1 dynamically regulates the level and therefore function of TRAF2 in response to TNF-RII occupancy, and paradoxically can play a pro-apoptotic role in TNF-a signalling.
A
Methods

Cell lines and reagents
Human embryonic kidney fibroblast 293 (293 cells), HeLa and Jurkat cells were obtained from the American Type Culture Collection. 4E3 cells were generated by stable transfection of Jurkat cells with human TNF-RII cDNA 16 , provided by M. Lenardo. Constructs encoding GST -XIAP, GST-c-IAP1, and their mutant forms were generated as described 7 . GST-c-IAP2 and GST -c-IAP2-mut (encoding c-IAP2 residues 1-382, and thus lacking the C-terminal RING domain) were made by cloning the corresponding cDNAs into pGEX4T-2 with BamHI and NotI sites. Plasmids used for in vitro translation and/or in vivo expression of human TRAFs were pBluescript KS(-)-TRAF1, pBluescript KS(-)-TRAF2, pCDNA3-DTRAF2, and pCDNA3-HA-tagged TRAF2 (provided by C. Duckett). Human c-IAP1, c-IAP1(H588A) (c-IAP1-mut), XIAP, and XIAP His(467) (XIAP-mut) were Myc-tagged at the 3 0 end and cloned into pCDNA3 as described 7 . pCDNA3-TNF-RII cDNA plasmid was provided by P. Scheurich. The pCMV.SPORT-bgal reporter plasmid was purchased from GIBCO/BRL. Wheat E1 and the human E2 UbcH5B were expressed in Escherichia coli 7 . Ubiquitin was purchased from Sigma. To obtain radiolabelled ubiquitin, a GST -ubiquitin fusion protein (the construct provided by A. Weissman) was expressed in E. coli, and isolated protein phosphorylated with 32 P-g-ATP. The GST-c-Jun (1-79) construct was provided by Z. Liu. Anti-Myc and anti-HA (mouse, immunoglobulin-g1) monoclonal antibodies were derived from mouse hybridoma cell lines 12CA5 and 9E10, respectively. The anti-TRAF2 rabbit antiserum (C-20), and anti-TRAF2 monoclonal antibody (mouse, IgG1), an anti-ubiquitin monoclonal antibody (mouse, IgG1), and anti-JNK1 monoclonal antibodies were purchased from Santa Cruz Biotechnology. MG-132, lactacystin and ubiquitin aldehyde were purchased from CalBiochem. Human TNF-a was purchased from R&D Systems. 
Cell cultures and transient transfections
Immunoprecipitation and immunoblotting
Cells were lysed in RIPA buffer (1 £ PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) containing 0.5 mM AEBSF, leupeptin (20 mg ml 21 ), and aprotinin (20 mg ml 21 ) on ice. In some experiments the lysate was resolved on 10% SDS -PAGE, in others immunoprecipitation with the indicated antibodies was performed and, after boiling the beads, the eluted material was resolved by 8% or 10% SDS -PAGE. After transfer to nitrocellulose (Novex), the membranes were blotted with the indicated antibodies. For most experiments, blots were developed with 125 I-protein A (ICN) and visualized with a Storm PhosphorImager (Molecular Dynamics). In some experiments, visualization of immunoblots was performed by enhanced chemiluminescence (Amersham Pharmacia) according to the manufacturer's instructions.
In vitro ubiquitination assay
GST -IAP fusion proteins were expressed in E. coli BL-21 (DE3) (Novagen), and purified from bacterial lysates with glutathione Sepharose 4B beads (Amersham Pharmacia). Putative IAP substrates were translated in vitro and metabolically labelled with 35 Smethionine using the TNT kit (Promega). The labelled substrates were incubated with GST -IAP fusion proteins in GST-binding buffer (120 mM NaCl, 10% glycerol, 1% Triton X-100, 50 mM Tris, pH 7.5) at 4 8C for 2 h, after which time the beads were washed and the material bound to the GST fusion proteins was incubated in ubiquitination reaction buffer (50 mM Tris, pH 7.4, 0.2 mM ATP, 0.5 mM MgCl 2 , 0.1 mM dithiothreitol (DTT), 1 mM creatine phosphate, 15 units of creatine phosphokinase) containing E1 (20 ng), E2 (20 ng), and 1 mg of unlabelled ubiquitin at 30 8C
29 for 1 h. The eluted material resolved by SDS -PAGE and visualized with a Storm PhosphorImager.
Determination of JNK activity
Activation of endogenous JNK was evaluated using GST-c-Jun (1-79) as a specific substrate. Briefly, JNK was immunoprecipitated from the lysates of Jurkat or 4E3 cells stimulated with TNF-a for the indicated times or 293 cells that had been transfected with HA-TRAF2 and the indicated amounts of Myc-tagged c-IAP1, and kinase reactions carried out at 30 8C for 30 min. The samples were boiled and the eluted material was resolved by 12.5% SDS -PAGE and visualized with a Storm PhosphorImager.
Quantitation of cell death
Death of transfected 4E3 cells was determined by release of b-galactosidase as described 30 . Briefly, 4E3 cells were transfected with pCMV.SPORT-bgal reporter plasmid (0.25 mg) with or without c-IAP1 (2.5 mg) or c-IAP1-mut (2.5 mg) expression vectors. After 24 h, the cells were split into two groups, one cultured without and one cultured with TNF-a (50 ng ml 21 ), and at the indicated times the cells were lysed and b-galactosidase activity was measured. TNF-a had no effect on b-galactosidase levels when the cells were treated in the presence of Z-Val-Ala-Asp(O-methyl)-fluoromethylketone (ZVAD; Enzyme Systems Products) to prevent apoptosis (data not shown). Cell death was calculated with the formula: per cent specific cytotoxicity = 100 -[(experimental b-gal/medium b-gal) £ 100].
